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 ABSTRACT
 The liver plays a central role in allowing dairy cattle 
to make a successful transition into lactation. In liver, 
as in other tissues, extracellular nucleotides and nucleo-
sides trigger cellular responses through adenosine and 
ATP receptors. Adenosine triphosphate and certain 
nucleotides serve as signals that can heighten puriner-
gic receptor activation in several pathologic processes. 
We evaluated the mRNA expression of genes associ-
ated with the purinergic signaling network in liver 
tissue during the peripartal period. Seven multiparous 
Holstein cows were dried off at d −50 relative to ex-
pected parturition and fed a controlled-energy diet (net 
energy for lactation = 1.24 Mcal/kg of DM) for ad 
libitum intake during the entire dry period. After calv-
ing, all cows were fed a common lactation diet (net 
energy for lactation = 1.65 Mcal/kg of DM) until 30 
DIM. Biopsies of liver were harvested at d −10, 7, and 
21 for mRNA expression of 9 purinergic receptors, 7 
ATP and adenosine transport channels, and 10 en-
zymes associated with ATP hydrolysis. Blood collected 
at d −21, −10, 7, 14, and 21 was used to measure 
concentrations of inflammation and oxidative stress 
biomarkers. The expression of type 1 purinergic recep-
tors (ADORA2A and ADORA3), several nucleoside 
hydrolases [ectonucleoside triphosphate diphosphohy-
drolase 7 (ENTPD7), ectonucleotide pyrophosphatase/
phosphodiesterase 2 (ENPP2), ENPP3, and adenosine 
deaminase (ADA)], and a type 2 purinergic receptor 
(P2RX7) was downregulated after calving. In contrast, 
the expression of type 2 purinergic receptors (P2RX4 
and PR2Y11), an ATP release channel (gap junction 
hemichannel GJB1), and an adenosine uptake protein 
(SLC29A1) followed the opposite response, increas-
ing after calving and remaining elevated through 21 
d. Haptoglobin, ceruloplasmin, and reactive oxygen 
metabolite concentrations increased gradually from d 
−21 d through at least d 7. The opposite response was 
observed for albumin, paraoxonase, α-tocopherol, and 
nitric oxide, which decreased gradually to a nadir at 
7 and 14 d. Our results suggest that alterations after 
calving of the expression of hepatic purinergic signal-
ing genes could be functionally important because in 
nonruminants, they play roles in bile formation, glucose 
metabolism, cholesterol uptake, inflammation, and ste-
atosis. The correlation analysis provided evidence of a 
link between purinergic signaling genes and biomarkers 
of inflammation and oxidative stress. 
 Key words:   liver metabolism ,  transition cow ,  adenos-
ine ,  adenosine triphosphate 
 INTRODUCTION 
 In the 1970s, the mechanism of purinergic signaling 
and the function of extracellular ATP as a signaling 
molecule were demonstrated by Burnstock (1972). 
Since then, work in nonruminants revealed that various 
metabolic tissues such as liver, adipose, and skeletal 
muscle express purinergic receptors and ATP-hydro-
lysis ectoenzymes (Fausther et al., 2012). The P1 (or 
ADORA) and P2 (or P2RX/Y) purinergic receptors 
are activated by extracellular nucleotides [e.g., ATP, 
adenosine diphosphate (ADP), uridine triphosphate 
uridine diphosphate (UTP), and (UDP)] and adenosine 
(also inosine) to modulate liver functions such as pro-
tein synthesis, cell proliferation, glucose metabolism, 
and immune responses (Beldi et al., 2008a). Besides 
their role within tissues, various nucleosides (e.g., 
adenosine, adenine, and 5-guanosine monophosphate) 
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released by bacterial pathogens serve as signals to sup-
press components of the oxidative killing mechanisms 
of immune cells (e.g., neutrophils, macrophages; Can-
ning et al., 1985, 1986).
The P1 receptors are classified as A1 (ADORA1), A2a 
(ADORA2A), A2b (ADORA2B), and A3 (ADORA3; 
Barletta et al., 2012). The P2 receptors are classified 
as ligand ion-gated channels (P2RX1 to P2RX7) or 
G-protein coupled channels (P2RY1, P2RY2, P2RY4, 
P2RY6, and P2RY11 to P2RY14). The former modulate 
extracellular ion fluxes (e.g., Na+, K+, Ca2+, and Cl−) 
and the latter modulate cytosolic cyclic AMP (cAMP) 
concentration (Beldi et al., 2008a; Junger, 2008), gly-
cogen phosphorylase activity, bile formation, cytokine 
secretion, and cholesterol metabolism (Fausther and 
Sévigny, 2011; Fausther et al., 2012).
Several mechanisms of cellular ATP release have been 
proposed thus far, including the gap junction (GJ) 
hemichannels (GJA1, GJB1, and GJB2), and pannexin 
1 (PANX1; Fausther and Sévigny, 2011). Once ATP is 
released from the cell, it is rapidly converted to ADP, 
AMP, adenosine, and inosine in a stepwise fashion 
(Fitz, 2007). Various nucleotide hydrolyzing enzymes 
take part in the extracellular ATP metabolism cycle, 
including several isotypes of ectonucleoside triphos-
phate diphosphohydrolase (ENTPD) and ectonucleo-
tide pyrophosphatase/phosphodiesterase (ENPP), 
ecto-5 -nucleotidase (NT5E), and adenosine deaminase 
(ADA; Beldi et al., 2008b; Fausther and Sévigny, 2011; 
Junger, 2011). The ENTPD enzyme converts ATP or 
ADP to AMP, ENPP converts ATP to AMP, NT5E 
converts AMP to adenosine, and ADA converts adenos-
ine to inosine. After ATP hydrolysis by ectonucleotid-
ases and other nucleosidases, adenosine is transported 
into the cytosol primarily via the integral-membrane 
“equilibrative” nucleoside transporters (e.g., SLC29A1 
and SLC29A2; Junger, 2011; Choi and Berdis, 2012).
Strong evidence exists in nonruminants that activa-
tion of purinergic receptors in cells of the liver can mod-
ulate specific functions, including bile secretion, glucose 
metabolism, cholesterol metabolism, and inflammation 
(Fausther and Sévigny, 2011). Furthermore, evidence 
exists that bacterial pathogens utilize nucleosides as 
one mechanism to inhibit the host immune response 
(Canning et al., 1985, 1986). The peripartal period in 
dairy cattle is characterized by a decrease in plasma 
cholesterol and glucose concentration along with in-
creases in the concentrations of inflammatory indicators 
synthesized by the liver, all of which reflect alterations 
characteristic of the onset of lactation (Drackley et al., 
2006; Bertoni et al., 2009). It is currently believed that 
metabolic stress and an altered immune function are 
causative factors leading to increased incidence of infec-
tious diseases and chronic inflammatory events (Goff, 
2006; Bionaz et al., 2007; Bertoni et al., 2008; Sordillo 
et al., 2009). However, the cause (or causes) of the so-
called immunosuppression (Mallard et al., 1998) around 
the time of calving is not completely understood.
Alterations in the synthesis of nucleosides or the 
mRNA expression of purinergic signaling genes, or 
both, could contribute to metabolic stress and im-
munosuppression around parturition. For instance, the 
mRNA expression of ADA and PANX1 (a nucleotide 
release channel) in blood neutrophils increased almost 
2-fold between −10 and 3 d around calving (Seo et al., 
2013), suggesting an increase in the local concentration 
of nucleotides and nucleosides. To our knowledge, no 
information is available on the plasticity of purinergic 
signaling gene networks in the liver around parturi-
tion. Therefore, our main objective was to evaluate 
the expression profiles of the purinergic signaling gene 
network in the liver. Profiles in blood of several indi-




Complete details of these procedures were previously 
reported by Ji et al. (2012). Briefly, 7 multiparous Hol-
stein cows were used. All cows were dried off at d −50 
relative to expected parturition and fed a controlled-
energy diet (NEL = 1.24 Mcal/kg of DM) containing 
wheat straw at 36% of DM for ad libitum intake for 
the entire dry period. After calving, all cows were fed 
a common lactation diet (NEL = 1.65 Mcal/kg of DM) 
until 30 DIM.
Liver Biopsy
Liver was sampled via puncture biopsy from cows 
under local anesthesia at approximately 0700 h on d 
−10, 7, and 21 relative to parturition, following pro-
cedures described previously (Graugnard et al., 2013). 
Tissue samples were snap-frozen immediately in liquid 
N and transferred to a −80°C freezer for storage until 
analyses of lipid composition (Ji et al., 2012) and RNA 
extraction.
Blood Biomarkers
Blood was sampled from the coccygeal vein every 
Monday and Thursday before the morning feeding from 
d −26 to 30 relative to parturition. Samples were col-
lected into evacuated tubes containing Li-heparin or 
clot activator (BD Vacutainer; BD and Co., Franklin 
Lakes, NJ). Plasma and serum were obtained by cen-
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trifugation at 1,900 × g for 15 min at 4°C and frozen 
at −20°C until later analysis. In accordance with the 
methods described by Bionaz et al. (2007), samples 
were used to determine (a) inflammatory response indi-
ces: positive acute-phase proteins (+APP; haptoglobin 
and ceruloplasmin) and negative acute-phase proteins 
(−APP; albumin and cholesterol, as an index of lipo-
proteins); (b) oxidative stress and related compounds: 
total reactive oxygen metabolites (ROM), total nitric 
oxide (NO) metabolites, and paraoxonase (PON); and 
(c) vitamins: α-tocopherol and β-carotene. Also, total 
antioxidants were assessed through the oxygen radi-
cal absorbance capacity (ORAC) assay. This method 
measures a fluorescent signal from a probe (fluorescein) 
that decreases in the presence of radical damage (Cao 
and Prior, 1999). The analysis was performed with a 
multi-detection microplate reader equipped with a dual 
reagent injector (BioTek Synergy 2; BioTek Instru-
ments Inc., Winooski, VT). Serum amyloid A (SAA) 
concentration was assessed with a commercial ELISA 
immunoassay kit (Tridelta Development Ltd., Many-
nooth, Co. Kildare, Ireland).
Reverse-Transcription Quantitative PCR
Specific details of RNA isolation from liver tissue, 
primer design, evaluation, and real-time quantitative 
PCR (qPCR) are presented in the Supplemental Ma-
terials (available online at http://dx.doi.org/10.3168/
jds.2013-7379). Details of primer product sequencing 
results, primer sequence and amplicon size, and qPCR 
performance are reported in Supplemental Tables S1, 
S2, S3, and S4. We used GAPDH, ribosomal protein S9 
(RPS9), and ubiquitously expressed transcript (UXT) 
as internal control genes. Target genes were normal-
ized with the geometric mean of these internal control 
genes (Table 1 and Figures 3, 4, and 5). Percentage 
relative abundance of mRNA (Supplemental Figure S1, 
available online at http://dx.doi.org/10.3168/jds.2013-
7379) was calculated to provide additional mechanistic 
information on the target genes (Bionaz and Loor, 
2008).
Statistical Analysis
The data of gene expression and blood biomarkers 
were analyzed with PROC MIXED of SAS (version 9.2; 
SAS Institute Inc., Cary, NC). The fixed effect in the 
model was parity, time, and parity × time. The random 
effect was cow. Upon analysis, it was determined that 
parity was only significant for albumin and cholesterol; 
thus, this term was removed from other models. Un-
equally spaced data were analyzed using the exponen-
tial correlation covariance structure SP for repeated 
measures. Least squares means separation between time 
points was performed using the PDIFF statement. Cor-
relation analysis between blood biomarkers and gene 
expression data was performed using PROC CORR of 
SAS. Significance was declared at P < 0.05.
RESULTS
Inflammation Markers in Blood
Except for SAA (P = 0.19; Figure 1), all inflamma-
tion markers had a significant time effect (P < 0.05). 
A parity effect was observed for albumin (P = 0.05) 
and cholesterol (P = 0.05) only. The concentration of 
haptoglobin and ceruloplasmin experienced a gradual 
increase (P < 0.05) between d −21 through at least d 
7 around calving, at which point a nadir in concentra-
tion was observed, namely for albumin, when compared 
with d −21 (Figure 1). Unlike haptoglobin, however, 
the concentration of ceruloplasmin remained elevated 
(P < 0.05) at 7 through 21 d compared with the pre-
partal time points. Although not significant, SAA con-
centration increased ca. 2.3-fold (24.6 vs. 55.7 μg/mL) 
from d −21 to 7, which followed a similar pattern as 
haptoglobin and ceruloplasmin. The opposite response 
was observed for the concentration of albumin, which 
decreased (P < 0.009) gradually to a nadir at d 7 and 
14 (Figure 1). Similarly, cholesterol concentration de-
creased (P < 0.001) during the transition period, with 
nadir levels at d −10 and 7. The latter was followed by 
a marked increase (P < 0.001) from d 7 to 21, at which 
point it reached the highest concentration (Figure 1).
Oxidant and Antioxidant Markers in Blood
Concentration of ROM, PON, β-carotene, 
α-tocopherol, and the measurement of ORAC had a 
time effect (P < 0.009), whereas no parity effect (P 
> 0.05) was observed for these parameters (Figure 
2). The concentration of ROM increased (P < 0.05) 
gradually from d −21 to peak values at d 7 and 14, 
followed by a return to prepartal concentrations on d 
21 (Figure 2). The opposite response was observed for 
the concentration of PON, α-tocopherol, and NO, all 
of which decreased (P < 0.05) gradually from d −21 
to lower concentrations at d 7 and 14, followed by a 
return to prepartal (d −10) concentrations by d 21. In 
contrast to PON and α-tocopherol, with the exception 
of a sharp decreased at d 14 (P < 0.009), β-carotene 
remained unchanged throughout the peripartal period. 
The measurement of ORAC was unchanged (P > 0.05) 
at d −21 through 7 but then increased (P < 0.05) 
markedly by d 14 and 21, at which point the highest 
capacity was observed.
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Purinergic Receptors
With the exception of P2RY8 (P = 0.12; Table 1), 
all genes related to purinergic receptors had a signifi-
cant time effect (P < 0.04). The expression of P2RY13, 
ADORA3, and P2RX7 decreased (P < 0.001) between 
d −10 and 7 and remained lower than prepartum by d 
21 (P < 0.001; Figure 3). In contrast, the expression 
of P2RY1 and P2RX4 increased (P < 0.001) between 
d −10 and 7; however, by d 21, expression of P2RY1 
remained unchanged and P2RX4 decreased (P < 0.01) 
and did not reach prepartal levels. Similar to P2RY13 
and ADORA3, P2RY11 and ADORA2A decreased (P 
< 0.01) between d −10 and 7; however, their expression 
reached (P > 0.28) prepartal levels by d 21 (Figure 
3). The expression of P2RY2 and P2RY12 remained 
unchanged between d −10 and 7, but decreased (P < 
0.01) by d 21 (Figure 3).
ATP Release and Adenosine Absorption Channels
The time effect was significant for GJA1, GJB1, SL-
C29A1, and SLC17A9. In contrast, GJB2, PANX1, and 
SLC29A2 expression was not affected by time (Table 1 
and Figure 4). The expression of GJA1 decreased (P = 
0.01) between d −10 and 7 and returned to prepartal 
levels by d 21 (Figure 4). In contrast, the expression of 
GJB1, SLC29A1, and SLC17A9 increased (P < 0.005) 
between d −10 and 7, but by d 21, GJB1 and SLC29A1 
remained unchanged and SLC17A9 decreased (P = 
0.05) but did not reach prepartal levels.
Nucleosidases and Nucleotidases
With the exception of ENTPD3 (P = 0.15; Table 
1 and Figure 5), all genes related to nucleosidase and 
nucleotidase activity were affected (P < 0.05) by time. 
A similar overall decrease in the expression of ENTPD2, 
ENTPD7, ENPP1, ENPP2, and ENPP3 from d −10 to 
21 (P < 0.01; Figure 5) was observed, with ENPP1 and 
ENTPD2 having a similar (P > 0.09) expression at d 
7 compared with d −10 and 21. Similar to ENPP1 and 
ENTPD2, expression of ENTPD8 was similar at d −10 
and 7, but decreased (P < 0.05) by d 21. The highest 
(P < 0.001) expression of NT5E was observed at d 7 
compared with other time points, whereas expression 
of ADA was lowest (P < 0.002) at d 7. In contrast to 
ENTPD2 and ENTPD7, ENTPD1 had the lowest (P 
< 0.07) expression postpartum at d 7 and returned to 
prepartal levels by d 21.
Correlations Among Purinergic Signaling  
Genes and Blood Biomarkers
Among genes evaluated, the expression of P2RX4 
had the greatest number of significant correlations (P 
Figure 1. Profiles of positive acute-phase proteins (haptoglobin, 
serum amyloid A, and ceruloplasmin), a negative acute-phase pro-
tein (albumin), and cholesterol in blood during the peripartal period. 
Different letters (a–d) indicate differences between time points (P < 
0.05). Error bars represent the SEM.
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< 0.001) with blood biomarkers (i.e., its expression was 
positively correlated with the concentration of ROM 
and ceruloplasmin and negatively correlated with NO; 
Table 2). The concentration of NO also was negatively 
correlated with expression of P2RY1. The expression 
of SLC17A9 was positively correlated with ROM con-
centration, but expression of ADORA3 and P2RX7 
was negatively correlated with ROM concentration. 
The expression of ENTPD7 was positively correlated 
with PON concentration, but expression of ENTPD8 
was negatively correlated with PON. The expression of 
P2RY2 was positively correlated with SAA concentra-
tion (Table 2).
Figure 2. Profiles of oxidative stress markers [total reactive oxygen metabolites (ROM), oxygen radical absorbance capacity (ORAC), and 
paraoxonase (PON)] and vitamins with antioxidant potential in blood during the peripartal period. Different letters (a–c) indicate differences 
between time points (P < 0.05). Error bars represent the SEM.
Table 1. Expression patterns of genes associated with adenosine 
signaling [P2 purinergic receptor Y8 (P2RY8)], ATP release [gap 
junction B2 (GJB2)], ATP transport [pannexin 1 (PANX1)], adenosine 
uptake [solute carrier family 29 (equilibrative nucleoside transporter), 
member 2 (SLC29A2)], and hydrolysis of ATP [ectonucleoside 
triphosphate diphosphohydrolase 3 (ENTPD3)] in liver tissue during 
the peripartal period 
Gene
Day relative to parturition
SEM P-value−10 7 21
P2RY8 0.9 0.92 1.06 0.05 0.12
GJB2 0.82 0.89 0.91 0.06 0.61
PANX1 0.99 1.00 1.02 0.02 0.67
SLC29A2 1.35 1.10 1.10 0.09 0.08
ENTPD3 0.99 1.12 1.06 0.10 0.15
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DISCUSSION
Metabolism and Immune Function Around Calving
A substantial body of published literature has pro-
vided evidence that metabolic stress (e.g., increases 
in blood NEFA and hydroxybutyrate concentrations 
coupled with lower glucose concentration) and an al-
tered immune function are causative factors leading 
to greater incidence of infectious diseases and chronic 
inflammatory events (Kehrli and Goff, 1989; Bionaz et 
al., 2007; Sordillo et al., 2009). However, the cause (or 
causes) of the so-called immunosuppression (Mallard et 
al., 1998) around the time of calving is not completely 
understood.
Undoubtedly, the metabolic stress associated with 
the onset of lactation is one of the factors that affect 
both innate and adaptive immune function (Goff, 
2006). For instance, negative energy balance around 
calving has been associated with diminished lympho-
cyte proliferation (Kehrli et al., 1989), decreased an-
tibody concentrations (van Knegsel et al., 2007), and 
antibody responses (Mallard et al., 1997). It has to be 
emphasized, however, that the period of immune sup-
pression begins as early as 2 to 3 wk before calving 
(Kehrli and Goff, 1989) when energy balance is still 
positive (Lacetera et al., 2005). Therefore, additional 
factors or a combination of factors (Kehrli and Goff, 
1989) at the tissue, systemic, or immune cell level must 
be associated with the onset (and likely persistency) of 
immunosuppression.
From a metabolic standpoint, the role of the liver 
after calving is well established (Reynolds et al., 2003). 
The almost doubling in hepatic metabolic rate from 
Figure 3. Expression profile of purinergic signaling genes and adenosine receptors in liver tissue during the peripartal period. Different let-
ters (a–c) indicate differences between time points (P < 0.05). P2RX/Y = P2 purinergic receptors; ADORA = P1 purinergic receptor. Error 
bars represent the SEM.
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late prepartum through early postpartum is driven 
primarily by the need to synthesize glucose for milk 
synthesis in the mammary gland (i.e., this tissue takes 
precedence in the use of glucose, hence, reducing the 
amounts available for immune cells as well as other 
key tissues such as adipose and skeletal muscle; Bell, 
1995). More recent studies have revealed that liver also 
synthesizes and exports hepatokines (e.g., ANGPTL4 
and FGF21; Loor et al., 2007; Schoenberg et al., 2011) 
that help coordinate the extrahepatic adaptations at 
the onset of lactation.
Although speculative, but based on nonruminant 
studies (Fausther and Sévigny, 2011), adaptations in 
purinergic signaling within the liver that might lead to 
changes in the intra and extracellular concentrations 
of nucleotides and nucleosides could play a functional 
role in coordinating hepatic functions associated with 
metabolism and immunity. Whether these signals alter 
the function of immune cells such as blood neutrophils 
or Kupffer cells is uncertain. The fact that neutrophil 
genes encoding proteins associated with synthesis and 
transport of nucleosides increased markedly after calv-
ing (Seo et al., 2013) suggests that these molecules have 
a mechanistic role in metabolic and immune adapta-
tions to the onset of lactation.
Peripartal Blood Biomarkers
The increase in haptoglobin, ceruloplasmin, and 
SAA concentrations from prepartum (d −21) to 
early postpartum (d 7) was a sign of an acute-phase 
response as a consequence of common inflammatory 
conditions around calving (Bionaz et al., 2007). As 
expected, whereas hepatic production of the +APP 
markers (haptoglobin, ceruloplasmin, and SAA) in-
creased during the peripartal period, the concentration 
of −APP markers, such as albumin and cholesterol, 
decreased. The changes in APP markers observed in-
dicate that cows underwent significant metabolic and 
physiological challenges that are further confirmed by 
the postpartal response in blood ROM and ORAC. 
The sharp increase in ROM between d −10 and 7, ob-
served in previous studies (Trevisi et al., 2009; Grossi 
et al., 2013), reflects an increase in the oxidative stress 
as a result of imbalance between ROM production 
and the neutralizing capacity of antioxidant mecha-
nisms such as glutathione peroxidase, β-carotene, and 
α-tocopherol (Bernabucci et al., 2005). The level of 
ORAC lagged behind ROM until it increased at 14 d 
postpartum, followed by its highest level at 21 d, at 
which point ROM concentration decreased to prepar-
tal levels. Such adaptations suggest a compensatory 
effect of ORAC over ROM, namely an induction of 
the antioxidant systems (mainly enzymatic). In fact, 
the decrease in postpartal concentrations of β-carotene 
and α-tocopherol through 14 d postpartum would help 
reduce the ORAC levels during this period.
Figure 4. Expression profile of intercellular channels and a nucleo-
side transporter (SLC29A1) in liver tissue during the peripartal pe-
riod. Different letters (a–c) indicate differences between time points (P 
< 0.05). GJ = gap junction. Error bars represent the SEM.
868 SEO ET AL.
Journal of Dairy Science Vol. 97 No. 2, 2014
Previous studies reported a negative correlation be-
tween oxidative stress and PON activity (Aviram and 
Rosenblat, 2004), which is consistent with the decrease 
in PON and the increase in ROM that we observed dur-
ing the first 14 d postpartum. Besides oxidative stress, 
the decrease in PON concentration in plasma has been 
associated with liver damage and dysfunction due to 
excessive fat mobilization and triglyceride deposition 
in liver cells (Turk et al., 2004). Results similar to 
ours were reported previously by Bionaz et al. (2007) 
at calving time, but were attributed to inflammatory 
processes, which also increase the production of ROM 
and cause a deviation in the hepatic synthesis of APP 
[i.e., greater +APP and lower −APP (e.g., PON)].
Purinergic Receptors
Among the P2X and P2Y receptors we evaluated, 
P2RX4, P2RY1, and P2RY2 are known to take part 
in hepatocyte glucose metabolism (Dixon et al., 2004; 
Dixon et al., 2005; Emmett et al., 2008) and bile acid 
formation in nonruminants (Zsembery et al., 1998; 
Doctor et al., 2005; Woo et al., 2010). For instance, 
the culture of a P2X agonist (BzATP) in human and 
rat hepatocytes induced glucose release into medium by 
enhancing intracellular glycogenolysis (Emmett et al., 
2008). In rat hepatocytes, the stimulation of P2RY1 via 
an agonist (2-methylthioadenosine 5 -diphosphate) en-
hanced glycogen phosphorylase activity and increased 
cytosolic free Ca2+ concentration (Dixon et al., 2004). 
In a subsequent study, however, the same authors dem-
onstrated, using human hepatocytes, that stimulation 
of P2RY2 via exogenous ATP had the same effects as 
P2RY1 in the rat model but also led to activation of 
the mitogen-activated protein kinase (MAPK) cas-
cade (Dixon et al., 2005). Stimulation of the P2RY2 via 
exogenous ATP in a biliary cell line also led to greater 
Figure 5. Expression profile of nucleotide esterases/hydrolases in liver tissue during the peripartal period. Different letters (a and b) indicate 
differences between time points (P < 0.05). ENTPD = ectonucleoside triphosphate diphosphohydrolase; ENPP = ectonucleotide pyrophospha-
tase/phosphodiesterase; NT5E = ecto-5 -nucleotidase; ADA = adenosine deaminase. Error bars represent the SEM.
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Na+/H+ ion-exchange activity and release of HCO3 into 
the medium (Zsembery et al., 1998).
The increase in expression of P2RX4 and P2RY1 af-
ter parturition might have been associated with glyco-
genolysis as a result of hypoglycemia, both of which are 
common adaptations to the onset of lactation (Drackley 
et al., 2006; Ingvartsen, 2006). In addition, although no 
data exist with peripartal cows, a recent study reported 
that an acute feed restriction of mid-lactation cows re-
sulted in an overall inhibition of the MAPK signaling 
cascade (Akbar et al., 2013). Whether such response 
would occur in peripartal cows and be mechanistically 
related to P2RY2 expression/function remains to be 
elucidated. However, the fact that cows reduce their 
voluntary feed intake soon after calving would suggest 
that MAPK signaling also might be reduced.
A physiologically important outcome of reduced 
MAPK signaling is the fact that the MAPK pathway 
is involved in the regulation of steroid production via 
mechanisms including the induction of the low-density 
lipoprotein receptor, which is essential for the uptake 
of cholesterol by the liver (Singh et al., 1999). The 
fact that cholesterol concentration during the transi-
tion period decreases markedly (Bionaz et al., 2007; 
Bertoni et al., 2009; Graugnard et al., 2013) suggests 
a functional link with the MAPK pathway. As such, 
the MAPK cascade could play an important role in 
regulating cholesterol homeostasis as it does in nonru-
minants (Go and Mani, 2012). The positive correlation 
between expression of P2RX4 and P2RY2 and markers 
of inflammation and oxidative stress (ROM, ceruloplas-
min, and SAA) also suggests a biological link. We are 
unaware of such links for these purinergic receptors in 
other mammalian systems.
Both P2RX7 and P2RY11 appear to play a role in 
the process of inflammation. For instance, a recent 
study demonstrated that P2RX7-null mice infected 
with Toxoplasma gondii experienced higher weight loss 
and had greater pathogen numbers as well as impaired 
liver function than wild-type mice with a fully func-
tional P2RX7 (Miller et al., 2011). That study also 
revealed that the absence of P2RX7 delayed the pro-
duction of the antiinflammatory cytokine IL-10, thus, 
leading to dysregulation of inflammation (Miller et al., 
2011). The decrease in P2RX7 after calving suggests 
that the antiinflammatory function of IL-10 might have 
been reduced.
Considering that one key role of P2RX7 is to enhance 
the antiinflammatory response (Miller et al., 2011), it is 
possible that the negative correlation between P2RX7 
and ROM reflects a negative effect of oxidative stress 
on this gene (i.e., a mechanism whereby oxidative stress 
augments inflammation). However, it should be kept 
in mind that the greater concentration of NO before 
calving (probably of placental origin) could be related 
to a mechanism to control (i.e., diminish) uterine con-
tractions (Ticconi et al., 1996). Under such a scenario, 
the decrease in NO observed postpartum might be a 
normal consequence of delivery without being related 
with inflammatory or oxidative stress process.
The decrease in albumin observed after parturition 
coupled with the higher concentrations of haptoglobin, 
SAA, and ceruloplasmin clearly underscored the role 
of the liver in mounting an inflammatory response. 
However, it remains to be established if the intra- and 
extracellular concentrations of ATP in liver can have 
a mechanistic role in the local inflammatory response. 
It is tempting to speculate that because of the almost 
doubling of hepatic metabolic rate in liver after calving 
(Reynolds et al., 2003) and the increase in hepatocyte 
damage suggested by the increase in blood concentra-
tion of certain hepatic enzymes (Bertoni et al., 2008; 
Trevisi et al., 2009), local changes in concentration of 
ATP or the variation in expression of purinergic recep-
tor expression, or both, might be a cause of inflamma-
tion.
Among the P2RY receptors, the expression of P2RY11 
and P2RY13 were the only ones that decreased after 
parturition. The percentage abundance of P2RY13 was 
substantially greater than P2RY11 (Supplemental Fig-
ure S1, available online at http://dx.doi.org/10.3168/
jds.2013-7379), which might be biologically relevant 
because even though both receptors are highly sensitive 
to ATP, the activation of both receptors increases cy-
tosolic Ca2+ but P2RY11 increases cAMP and P2RY13 
decreases it (Yu et al., 2009). Other in vitro work with 
bile duct epithelial cells demonstrated that signaling via 
Table 2. Highest and lowest significant (P < 0.001) Pearson 
correlations among mRNA expression in liver tissue and blood 
biomarkers of inflammation, antioxidants, and oxidative stress during 
the transition period 
Blood biomarker1 Gene2 r
Positive correlations
 Ceruloplasmin P2RX4 0.66
 ROM P2RX4 0.63
 ROM SLC17A9 0.62
 PON ENTPD7 0.59
 SAA P2RY2 0.52
Negative correlations
 PON ENTPD8 −0.51
 NO P2RX4 −0.57
 ROM ADORA3 −0.58
 ROM P2RX7 −0.74
 NO P2RY1 −0.75
1ROM = total reactive oxygen metabolites; PON = paraoxonase; SAA 
= serum amyloid A; NO = nitric oxide metabolites.
2P2RX/Y = P2 purinergic receptors; SLC17A9 = solute carrier fam-
ily 17 (vesicular nucleotide transporter), member 9; ENTPD = ecto-
nucleoside triphosphate diphosphohydrolase; ADORA3 = adenosine 
A3 receptor.
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P2RY11 was necessary for extracellular ATP to stimu-
late an upregulation of IL-6 mRNA expression (Yu et 
al., 2009). The negative effect of blocking P2RY11 
signaling on IL-6 mRNA expression could be partly 
reversed when the concentration of ATP in the culture 
was increased. Therefore, despite the downregulation 
of P2RY11 observed after calving, a greater cellular 
concentration of ATP due to hepatic metabolism might 
still have contributed to a proinflammatory response.
Other work with nonruminants has provided evi-
dence that extracellular ADP also stimulates the ex-
pression of P2RY13, resulting in hepatic high-density 
lipoprotein (HDL) uptake via endocytosis (Jacquet et 
al., 2005), hence, potentially playing a role in reverse 
cholesterol transport in liver. Such a role was reinforced 
in a study demonstrating that P2RY13-null mice had 
reduced hepatic HDL uptake, hepatic cholesterol con-
centration, and cholesterol concentration in bile (Fabre 
et al., 2010). Assuming that extracellular ADP is a 
biologically relevant trigger, the recognition that ecto-
ATP synthase in the hepatocyte cell surface is key for 
interacting with apolipoprotein A-1 and allowing for 
HDL endocytosis (Martinez et al., 2003) provides ad-
ditional evidence that extracellular ADP activation of 
P2RY13 is an important trigger for induction of HDL 
endocytosis. The fact that the HDL fraction in plasma 
increases after calving and remains elevated during 
early lactation (Bernabucci et al., 2004) agrees with 
the gradual decrease in expression of P2RY13. In our 
study, the extracellular ADP concentration in the liver 
milieu might not have changed because the expression 
of ENTPD, which convert ATP to ADP, did not differ 
(ENTPD3) or actually decreased (ENTPD1, 2, 7, and 
8) after parturition, therefore explaining, at least in 
part, the decrease in P2RY13 mRNA expression post-
calving.
In rat liver, the signaling through ADORA2A helps 
suppress inflammation by inhibiting the expression of 
TNF, CXCL2, ICAM1, and the activating of nuclear 
factor κB (Tang et al., 2010). Specific chemical ago-
nists of ADORA2A can downregulate proinflammatory 
cytokine and chemokine mRNA expression (Day et al., 
2004). The absence of ADORA3 also induced an acute 
proinflammatory response (e.g., increased TNF mRNA 
expression) during sepsis in mice (Lee et al., 2006). 
Compared with wild-type mice, ADORA2A-deficient 
mice had an increase in expression of TLR-associated 
proinflammatory cytokines and nuclear factor κB (Lu-
kashev et al., 2004). In addition to their antiinflamma-
tory role, ADORA2A and ADORA3 appear to play a 
role in hepatic glucose metabolism. An agonist specific 
for ADORA2A stimulated gluconeogenesis by increas-
ing cAMP production in rat liver (González-Benıtez et 
al., 2002). Similarly, Guinzberg et al. (2006) reported 
that ADORA3 stimulation by inosine and other agonists 
increased the rate of gluconeogenesis and glycogenoly-
sis by elevating intracellular Ca2+ concentrations in rat 
hepatocytes. Overall, it would appear given their dual 
functions that signaling via ADORA2A and ADORA3 
could serve as a mechanism to enhance the efficiency of 
energy utilization.
The downregulation of ADORA2A and ADORA3 
coupled with the upregulation of P2RX4 and P2RY1 
after calving suggests that the extracellular ratio of 
ATP:ADP might have been greater and the inosine 
concentration lower. Once outside the cell, ATP has a 
half-life measured in seconds, as a result of the action of 
several nucleosidases, nucleotidases, and other hydro-
lytic enzymes causing the degradation of ATP to ADP, 
AMP, and adenosine (Picher et al., 2004). In mice, a 
null mutation of NT5E leads to a substantial decrease 
in extracellular adenosine concentration and hepatic 
injury upon an ischemic challenge (Hart et al., 2008). 
Conversion of adenosine to inosine relies on activity of 
ADA, subsequently leading to activation of ADORA3 
(Franco et al., 1998; Cristalli et al., 2001). The extra-
cellular concentrations of these nucleotides were not 
measured in our experiment. However, the lower post-
partal expression of nucleosidases and nucleotidases 
(ENTPD, ENPP) needed to produce adenosine from 
ATP coupled with lower expression of ADA and the 
higher expression of the ATP-release channel (GJB1), 
the adenosine reuptake channel (SLC29A1), and NT5E 
are suggestive of a multifactorial mechanism regulating 
the relative concentration of these nucleotides. Further-
more, it could be possible that some of these nucleo-
sidases (ENTPD1, 2, 3, 7, and 8) and nucleotidases 
(ENPP1, 2, and 3) are more responsive to a particular 
nucleotide.
To support a role of extracellular nucleotides on liver 
metabolism and function, it might be necessary to 
measure tissue concentrations of ATP, ADP, and even 
adenosine and inosine. However, our hypothesis is not 
hard to fathom because the rate of oxidative metabo-
lism in the liver soon after calving increases markedly 
(Reynolds et al., 2003) and we observed an increase 
in postpartal ROM concentration. The fact that 
SLC29A1 had the greatest relative percentage mRNA 
abundance (accounted for approximately 45% of total 
genes analyzed; Supplemental Figure S1, available on-
line at http://dx.doi.org/10.3168/jds.2013-7379), and 
assuming this effect would be the same at the protein 
level, suggests that cellular uptake of nucleotides across 
cellular and mitochondrial membranes is a biologically 
important response to the greater rates of oxidative 
metabolism in the liver after calving. An in vitro study 
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demonstrated that greater expression of SLC29A1 was 
associated with greater cellular proliferation (Plotnik 
et al., 2012), a process that likely accounts, at least in 
part, for the increase in liver mass between pre- and 
postpartum (Reynolds et al., 2004). It also could be 
possible that the hepatic inflammation observed after 
calving plays a certain role in the increase in liver mass. 
The parallel increase in the concentration of inflam-
matory and oxidative stress markers from late prepar-
tum through early lactation also seems to support a 
functional link among these purinergic receptors and 
inflammation and stress.
CONCLUSIONS
Our combined results indicate that it could be useful 
to investigate in more detail the likely reasons for the 
reduction of the purinergic receptors after calving and, 
in particular, if this is a consequence of the damage 
of the membranes (and consequent marked increase of 
extracellular ATP) or a physiological adaptation. It 
is now evident that local and systemic inflammatory 
signals characterizing the early postpartal period have 
an important effect on liver functionality.
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